In Chenopodium album two different levels of atrazine resistance have been found according to following criteria: lethal dose and leaf fluorescence curve. The intermediate (I) phenotype is represented by a low level of resistance and a typical I fluorescence curve. It arose at high frequency, within one generation, after self-pollination of particular plants displaying a susceptible (S) phenotype. The resistance phenotype (Ri) has a high level of resistance and presents a typical resistant fluorescence curve. It appeared after self-pollination of chemically treated I plants. The I, Ri, and also R (resistant plants found in atrazine treated fields) phenotypes contain a serine to glycine mutation at amino acid position 264 in the chloroplast psbA gene product. The steady state level of the psbA gene transcript is not modified between S, I, Ri, and R phenotypes.
previously been found in Chenopodium album: low (S), intermediate (I), and highly resistant (R) ( Table I) . Intermediate I plants have originated spontaneously from particular susceptible genotypes and display a 10-fold increase of resistance at the plant level. However, isolated I thylakoids showed a 1000-fold increase of resistance, similar to that of the R plants ( 14) . Moreover, the fluorescence curve of I leaves having absorbed atrazine showed a secondary peak called M, 2 min after onset of illumination (12) . These characteristics were maternally inherited but I plants treated with a sublethal dose of atrazine produced 100% true R descendants (12) . Such R-induced plants showed more than 400 times higher resistance at the seedling stage and the typical R fluorescence curve without the M peak. Since these plants are isogenic, genealogically related, and differentially resistant to atrazine, they represent an ideal model to study atrazine resistance. In this paper, by using genetic and molecular approaches, we show that the I to Ri transition most probably involves an extrachloroplastic genetic mechanism.
High levels of resistance to atrazine (2-chloro-4-ethylamine-6- [isopropylamino]-s-triazine) have been correlated with a single amino acid substitution (Ser to Gly) in higher plants at position 264 in the Mr 32,000 chloroplast thylakoid membrane protein (16, 20, 21) . A change of Ser to Ala at the same position in this protein is correlated with resistance to lower levels of atrazine and diuron in an algal mutant (7) and a cyanobacterial transformant (15) . Atrazine competes with plastoquinone for binding to a 32 kD thylakoid protein (termed the QB-protein) where an azido-derivative of atrazine has been shown to bind specifically (27) . Thus, atrazine inhibits photosynthetic electron transport in PSII by preventing the formation of QB. In resistant plants and algae, atrazine does not bind to the QB-protein (7, 17, 27) . Two mutants of Chlamydomonas (10) displaying lower levels of resistance to either atrazine or to diuron (DCMU) have been correlated with two different amino acid substitutions in the 32-kD protein (8) . Lower levels of atrazine resistance and crossresistance to different herbicides have also been observed in some higher plants (18) . Three The different biotypes (S-R), their origins, the concentrations of atrazine that are lethal on soil growing seedlings, their leaf fluorescence curves, the nature of their progenies and the atrazine dose necessary for 50% inhibition (D150) of thylakoid activity (Hill reaction) are described. S, Sp, I, Ri, and R biotypes of C. album were isolated as previously described (14) and summarized in the "Materials and Methods" section. Fluorescence curves (S, M, R) are labeled according to Ref. 13 (14) . The rapid phase of the initial fluorescence rise of dark adapted leaves of the Sp, I, and Ri plants was recorded as previously described (13, 26) . Results were expressed as the ratio ofthe initial fluorescence rise (F -F,) to the original fluorescence (Fi).
Chloroplast DNA Isolation and psbA Gene Cloning. Chloroplasts were isolated from leaves of Chenopodium album as previously described (5) . The purified chloroplast pellets, after treatment with DNAse I, were lysed in 50 mM Tris-HCl (pH 8.0), 20 mM EDTA, 1 mg/ml autopurified pronase, 2% n-lauroyl sarkosine, and left to stand overnight at 4C. Ethidium bromide (300 ,ug/ml) and solid CsCl (up to 1.57 g/ml) were added to the lysates before centrifugation at 20°C for 48 h at 42,000 rpm (Beckman rotor 50 Ti). The band exhibiting UV fluorescence was recovered and dye removed with CsCl saturated butanol. The DNA was then precipitated with ethanol, centrifuged and vacuum dried, and the pellet was finally redissolved in 50 mm Tris-HCl (pH 8.0), 0.5 mM EDTA. A shotgun cloning in plasmid pBR325 of the Hind III chloroplast DNA fragments from the five different biotypes of C. album was performed as described (19) . Recombinant clones were identified by their positive hybridization with a spinach psbA probe. This probe is a subclone from a larger BamHI 5 kb fragment from spinach kindly provided by H. Bohnert (Tucson, AZ). Restriction mapping has been performed as previously described (5) .
DNA Sequence Strategy. Nucleotide sequencing of the two strands was performed by M 13 cloning and dideoxy sequencing methods as already described (25) . The 3 ,g of RNA for each sample was electrophoresed in denaturing agarose-formaldehyde gels as previouly described (29) and transferred onto a Genescreen mem-brane filter (Genescreen, New England Nuclear). Hybridization with the spinach HindIII 900 bp probe and rinsing of filters were performed as described by the manufacturer. Filters were then exposed to Kodak x-ray films.
Mae I Restriction Site as a Marker for the Ser264 to Gly264 Mutation. Chloroplast DNA from individual, well-defined biotypes was isolated as previously described. Chloroplast DNA (3 ,gg) was digested by MaeI (C TAG) in the presence of 250 mM NaCl, 5 mm spermidine for 4 h at 45°C. Eppendorf tubes were submerged in a water bath to prevent evaporation during digestion. Prior to loading on the 1.5% agarose gel, the samples were diluted 2-fold with distilled water. After electrophoresis the Mae I digested ctDNA was transferred to Genescreen membrane filters, baked at 80C, and subsequently hybridized to the radiolabeled 900 bp spinach probe.
RESULTS
Genetic Analysis and Chloroplast Properties. The progenies of I plants treated with different chemicals (Table II) all exhibit the R phenotype. In contrast, neither I nor R plants appeared as progeny of S when treated with sublethal doses of the chemicals. The R phenotype was maintained in Ri progenies at least through four generations of self-pollination in the absence of selective pressure, and no revertants were observed. The Ri characteristics were maternally inherited in crosses with the S genotype, exactly as was found with R plants growing in maize fields. However, a genetic disjunction was found in the F2 generation of the I x Ri crosses (Table III) . Maternal inheritance was first observed in the F, of these crosses, but the F2 segregated I and R phenotypes in such a way that the maternal phenotype had the highest frequency. The S phenotype has never been found in these F2. This inheritance pattern suggests either an incomplete cytoplasmic (24) have the same ctDNA map, implying that the psbA gene is similarly located in these two species. A 900 bp Hind III probe from spinach (30) (Fig. 2) has been used as a probe to identify the restriction fragment containing the 3' end of the Chenopodium psbA gene where the corresponding Ser264 to Gly264 mutation has been shown to be present in other weeds. Three clones ofeach biotype, isolated from different plants, have been sequenced over the region ofthe mutation (Fig. 3) (16, 21) . A detailed Mae I and Hae III restriction map of the Chenopodium HindIII 900 bp fiagment is represented below. The Mael (Atrl') restriction site is only present in susceptible S and Sp biotypes. In I, R, and Ri biotypes the single bp change of A to G (see Fig. 2 ) prevents MaeI digestion at this site. Arrows represent the sequencing strategy for 3 clones of each (S, Sp, I, Ri, R) biotype. divergence although the proteins encoded are identical (Fig. 3) . Sequences from the different Chenopodium biotypes differ only in the first base pair of codon 264 where an adenine in Sp plants is replaced by a guanine (AGT/GGT) in I and Ri plants. This is the fourth demonstration of this Ser"' to Gly2' point mutation in higher plants (16, 20, 21) . Both I and Ri-plants possess the same Ser-" to Gly2M change, that is in agreement with their chloroplast properties (reduced QA to QB electron flow, thylakoids 1000-fold more resistant and maternal inheritance), but not with their level of resistance to atrazine at the whole plant level. The I or Ri plants maintained by self-pollination still contain the amino acid 264 mutation after four generations in absence of atrazine selective pressure.
Transcript Analysis. The step corresponding to the production of complete herbicide resistant Ri genotypes requires induction with any one of the previously described chemicals (Table II) . The amount and size of psbA gene transcripts were analyzed in a Northern experiment using the spinach HindIII 900 bp DNA fragment as a probe. Data (Fig. 4C) (9) and that no apparent modification of this product is detectable between susceptible and resistant plants (22) . We therefore suggest that the I to Ri transition is not directly related to the chloroplast psbA gene activity. Mae I Restriction Analysis. Another way to check for psbA gene codon 264 mutation is to use the restriction enzyme MaeI which recognizes a sequence overlapping the mutation site (C TAG, Fig. 3 ). As shown in Figure 4A , the results confirm the sequence analysis (Fig. 3) 
